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APPENDIX B

REPORT OF NEW TECIHNOLOGY

The work performed under this contract during the collection and
analysis of noise and interference data as reported herein has led to data
on the types of interference expected to be encountered in the Loran-C band
for the urban environment. This is the first quantified data of this type

for the urban environment.
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ABSTRACT

Radio noise conducted along and electromagnetic fields associated
with a selected "noisy'" suburban-area distribution line were investigated.
The spatial, temporal, and spectral properties of the noise were empha-
sized. Because the measurements were made directly under the power line,
both electric- and magnetic-field sensors were used to describe the in-
ductive or quasi-static region fields associated with the overhead line.
Magnetic-field data were translated into noise current, and electric-
field data were translated into noise voltage on the overhead wires. Ef-
fective impedance magnitude of the noise was determined over a broad band

of frequencies.
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I INTRODUCTION

A large number of technical papers describing the radio and electri~
cal noise associated with electric utility power lines have appeared in

the literature. Many of these papers have presented excellent statisti-

cal data on power-line noise! ~®

6 =8

and on specific properties of power-line
noise, Yet, some aspects of power-line-associated radio noise are
confusing and poorly understood by engineers and technicians who en-
counter the effects of such noise on operational communications and navi-

gation systems.

To better understand the primary properties of power-line noise, a
suburban utility distribution line that had an established reputation as
a '"moisy" line was investigated. E- and B-field sensors were used to
measure the electric and magnetic fields of noise associated with the
line. Determining the magnitude of each field was emphasized as well as
temporal and spectral properties over a broad band of frequencies. The

results obtained from the investigation are presented.




)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
D
)
D
)
)
D
)

II INSTRUMENTATION

The instrumentation van used for the measurements was similar to
that used in a number of previous investigations on power-line noise.Z»*°
Figure 1 is a block diagram showing the major components of the instru-
mentation., The data described in this paper are from the scanning re-
ceiver portion of the overall instrumentation package. The channelized
receiver collected supporting data. The scanning receiver was a Hewlett
Packard Series 140 Spectrum Analyzer interfaced with a Develco Model 7200B
3-Axis Display. The instrumentation produced a real-time visual display
of all signals and noise within the frequency scan range of the spectrum
analyzer. The scan time of the spectrum analyzer was always set for a
longer period than several periods of the 60-Hz line waveform so that
several successive power-line noise impulses could be received during
each scan. This procedure produced an unambiguous view of impulses re-
ceived during 60 successive analyzer scans. The data contained finely

scaled temporal information and relatively coarsely scaled spectral data.

The B-field sensor was a Faraday-shielded ferrite-core loopstick
designed for uniform response to incident magnetic fields over the 50~Hz
to 250-kHz band of frequencies. Other B-field sensors were available
for higher frequencies, but they were not employed during the reported
measurements. The E-field sensor was a one-meter vertical rod located
on the roof of the instrumentation van. The preamplifier gain-versus-
frequency curve was shaped to provide a uniform response to incident
E-fields over the 50-Hz to 250-kHz band of frequencies. Equal B~ and
E-field response was obtained by adjusting the gain of the E-field ampli.
fier when receiving known far-field signals. This procedure permitted
B-field amplitude to be calibrated in Tesla (T) or Weber/meter2 (Web/mz),
and E-field amplitude to be calibrated in V/m over the entire band of

frequencies under observation.
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FIGURE 1 BLOCK DIAGRAM OF INSTRUMENTATION

Bach 3-axis view of noise data contains a listing of pertinent site
and instrumentation parameters used for the view. These parameters are

identified as follows:

e Date and local time

o Site location and line identification
° C(Center frequency

e Frequency scan width

e IF filter bandwidth

e Scan time

e Preamplifier gain, analyzer RF gain, analyzer 1F gain.




IITI MEASUREMENTS

The distribution line selected for measurements was a 12-kV single=-
phase two-wire overhead line located along a short dead-end street in a
medium size California residential city. The street was located in the
center of a large residential area and was about two miles from a small-
town business area. Small manufacturing establishments were located
four miles or more from the selected line., The line served five resi-
dential customers from two pole-mounted, single-phase step-down trans-

formers. Figure 2 is a map of the physical layout and measurement

geometry.

The noise on the line selected has caused faulty operation of
experimental radio-navigational systems, noise on AM automobile radios,
and undesired operation of the squelch of mobile VHF radios. An inspec-
tion of the line revealed no obviously faulty hardware or common sources

of power-line noise.

Noise over the 0- to 200-kHz band of frequencies was measured midway
along the line (Site 1) at midday and is shown in Figure 3. The 3-axis
view shows an amplitude-compressed view of all signals and noise within
the frequency band: the top half of the view shows E-field signals and
the bottom half of the view shows B-field signals. The constant fre-
quency signals in the 3-axis view were from distant VLF and LF trans-
mitters. The sharp slanting lines were from E- and B-field impulses that
emanated from the overhead line. These impulses had a period of 8.33 ms,
indicating that they were synchronized with both the positive and negative
portions of the 60-Hz-line-voltage waveform. The E-field data shown in
the upper half of the 3-axis view were portrayed in an amplitude-versus-
frequency format in the upper photograph. The B~field data shown in the
lower half of the 3-axis view were portrayed in a similar manner in the

center photograph. The amplitude of signals and background noise can be
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seen as well as the high-~level impulse noise. The field strength of

signals and noise are shown in V/m or T.

Although the strength of CW signals can be read directly from the
amplitude scale of the 3-axis views, the impulses did not rise to full
amplitude because of IF bandwidth limitations. An empirically determined
factor of 12 dB must be added to all impulse amplitudes to obtain the

true peak amplitude.

The amplitude of the E-field impulses below 20 kHz is low. The

impulses rise in amplitude and reach a broad peak between 30 and about

55 kHz. A null was found near 100 kHz followed by a second increase to

a near-constant level from 160 kHz to the upper limit of the measurement at
200 kHz., The B-field maximum amplitude occurred at very low frequencies
and was followed by a slow decline in amplitude across the observed band

of frequencies. The amplitude peaks and nulls in the B-field data did

not correspond to peaks and nulls in the E-field data. The E- and B-field
sensors were in the overhead wires' inductive field where the E-field data
are associated with line-to-ground noise voltage, and the B-field data are

associated with the noise current that flowed along the line.
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IV CALCULATION OF LINE-NOISE PARAMETERS

At a distance of four meters from the wire [Figure 2(a)], the mea-
surements were in the inductive or quasi-static field over the entire

50-Hz to 200-kHz frequency range. For instance, at the high end.of the
frequency band (200 kHz), the ratio of wavelength to distance (d) was

almost 400, With the measurement probes directly under the outer wire
of the line, the dominant magnetic-field vector, f, would be parallel

to the ground and perpendicular to the wire [Figure 2(a)], and the domi-
nant electric-field vector, E, would be vertical with respect to the

ground.

The impulsive current and voltage in the overhead wire can be esti-
mated if the approximations are used that the ground under the line has
either (1) infinite or (2) zero conductance, The former approximation
is applicable to power lines over swamp or marshy areas and the latter

is applicable in desert areas or in areas of permafrost.

The relationship between measured magnetic-field strength and im-
pulsive current in the overhead wire in free space or over a zero con-

ductance ground plane is:

B = magnetic-field strength (T)

d = distance from the sensor to the line (m)
hy = permeability of free space (4n X 10-7)

I = current (A)

The effective line impedance at noise frequencies, ZL’ is:

el _ HolE
SEFIC
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The impedance magnitude as a function of the frequency for measure-
ments obtained at Site 1 are shown in Figure 4. Distinct resonance peaks
were found at 52, 125, and 175 kHz. Resonance nulls were found at 90
and 150 kHz and the average value of impedance increased with increasing

frequency.

If we take the other approach and assume the wire was over a perfect

ground plane, the equation for current in the line is:

_ XB d(2h - d)

Ho

(3)

h = height (in meters) of conductor over ground.

Equation (3) is only valid for measurements directly under the line.

Expressions for arbitrary geometry are given by Pullen.'?!

A similar equation}g for electric field is:

o
Py 2h
E = e d(oh - D (4)

e = permittivity of free space

Py = charge per unit length (coul/m)

The expression for line voltage, V., for a finite conductor over a per-

L’
fect ground plane is:
s 2h
LT R ()
R = conductor radius (in meters) [assumed to be 2.5 (10-3) m].
If we substitute Eq. (4) into Eq. (5), then
_Ed (2h - d) 2h
VL =%r in (R) . (6)

The calculated values for line current voltage and impedance are
compared in Table 1 for the two assumptions considered. The calculated
values from the equations applicable to each assumption are in close

agreement.
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Table 1

CALCULATED VALUES OF NOISE VOLTAGE AND CURRENT
ON POWER LINE AT SELECTED FREQUENCIES

Line Over Perfectly

Line in Free Space Conducting Ground Plane

Noise Noise . Noise Noise
Frequency Current Voltage Impedance | Current Voltage Impedance
(kHz) (mA) (mV) Q(10-2) (mA) (mV) Q(10-2)
T —ee

10 35.4 0.3 0.8 23.6 0.3 1.1
50 6.3 3.2 50.2 4.2 2.9 68.1
100 4.5 0.6 12.7 3.0 0.5 17.1
200 2.0 0.9 45,1 1.3 0.8 60.8

11
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V OTHER MEASUREMENTS

Measurements were also made near the west end of the short street
at a location about 150 ft west of the previous site. Somewhat different
E- and B-field results were obtained at Site 2 as shown in Figure 5. At
this location sharp nulls were found in the B field near 25 and 75 kHz,
and the B field was generally lower in amplitude than at Site 1. The
general shape for both sites of the E-field versus frequency data is

similar.

Impedance as a function of frequency at the second location is shown
in Figure 6. A small resonance peak was found at about 20 kHz along with
larger peaks at 130 and 170 kHz. The impedance data were considerably
different from that obtained at the previous location. The very large
difference in impedance data from two locations on the same overhead line
only 150 ft apart was surprising, and the data suggest that the various
transformers, house feeders, tramsition from overhead to underground, and
other line parameters involved represent complex circuits at the noise

frequencies examined.

Another set of measurements were made at Site 1 during the early
evening hours, and a somewhat different set of impulses were noted from
the overhead line. Figure 7 shows the 3-axis view of temporal structure
and the B~ and E-field strength as a function of frequency. The E-field
level was quite low; the B~field was of modest strength; and the E- and
B-field impulses were spaced 8.3 ms apart. Careful inspection of the
3~axis view of Figure 7 shows a change in time disblacement at the E- to
B-field border, which implies that the E-field impulses originated from
one source, and the B-field impulses originated from a second source
whose line~synchronous firing time was slightly ahead of the E-field
source in phase. Impedance values from such data would be meaningless.
The example shows a key advantage of the high time-domain resolution of

the instrumentation used to make the measurements. A standard noise

12




\
100

w/An — 3ANLITdNY 1d — 3aNLITdNY

200

— 790

<2} x
~ ~

et 0.79
-l 0.079

—T 225

o
o
N

— 2.25
—10.256

- 0.025
kHz
SCAN TIME ms

FREQUENCY

FIELD NOISE AT SITE 2

3

1

E- AND B

FIGURE 5

3 kHz

100 ms

4 DECEMBER 1980, 1125
SITE 2, SINGLE ¢ 12 kV

100 kHz
+20, 0, -30

200 kHz

"l'”"”""""-""""’"”""-"’""



e e e e R AR S R O ST W W W W W' W W W W W T T W Wb

16

14— IMPEDANCE vs FREQUENCY

SITE 2

12

ohms
-
=)

IMPEDANCE

80 120
FREQUENCY — kHz

FIGURE 6 IMPEDANCE MAGNITUDE AS A FUNCTION OF FREQUENCY AT SITE 2

receiver without temporal resolution would have produced E- and B-field

data that could have produced incorrect and misleading impedance values.
The temporal resolution feature of the instrumentation employed in these
measurements has been useful in ensuring that impulse-noise data being

analyzed are fully understood.
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VI DISCUSSION

A number of interesting facts were derived from the measurement of
radio noise emanating from the selected ''noisy'" line. The measured noise
was impulsive and precisely synchronized with the 60-Hz power-line wave-
form. This factor suggested that the noise sources were synchronous

switching devices operating as loads on the line,

To understand the noise fully, measurements of both the electric-
and magnetic-fields associated with the line over broad bands of fre-
quencies were necessary. The dominant E field at the sensor location
was vertical, and the dominant B field was horizontal and normal to the
overhead wires. The measured field strengths were used to calculate the
peak impulse noise voltage and the peak impulse noise current on the
overhead wires. The calculated peak values of current and voltage (see
Table 1) on the wires were low compared to the voltages and currents on
the 60-Hz distribution line; however, the calculated values were signifi-
cant when viewed as a source of radio frequency interference (RFI). For
example, the noise currents and voltages on the line were large when
compared to distribution line-power carrier receiver signal levels. The
electric and magnetic fields were sufficiently large to interfere seri-
ously with experimental vehicular OMEGA and LORAN-C navigational systems
operating along the street. Mobile VHF receiver performance was de=

graded when operated near the line.

Many published papers and reports contain data from either E-field
or B-field measurements with the implication that the field not measured
can be related to measured data with the far-field impedance of 120xn Q.
However, this procedure is incorrect when the measurements are made
within the inductive or quasi-static region around an overhead power
line., Most power-line noise measurements are made within this zone,
hence both the electric and magnetic fields must be measured independently.

The very low values of impedance shown in Figures 4 and 6, when compared

16
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to the far-field value of 120x }, demonstrate the large errors involved

in single-field measurements of power-line radio noise. The measured
values of impedance are similar to direct line impedance measurements re-
ported by others.'® Both sets of data show that average impedance in-
creases with frequency. At some higher frequency (>30 MHz), the impedance
from E- and B-field data will approach the far-field value of 120x Q. At
low frequencies (<~ 1 MHz) the impedance from E- and B-field measurements

will approach the impedance of the overhead line with its loads.

The resonant peaks and nulls in noise amplitude shown in Figures 4
and 6 probably were caused by the reactive impedance of nearby trans-
formers, capacitors, and loads., These resonant peaks and nulls will
change in frequency and magnitude as such devices are switched on an off.
A prior measurement of impulsive noise originating from a known high-
power switching device at a time when a power correction capacitor was

switched produced a marked change in frequency of a noise peak.14

The very large difference in impedance versus frequency for two
sites, which were only 150 ft apart (Figures 4 and 6), suggest that
transformers, power factor capacitors, and loads establish line impedance
levels at noise frequencies rather than the intrinsic impedance of the

overhead wires.

The large change in impulse noise properties at Site 1 from midday
to early evening indicate that multiple and different noise sources were
involved. The evening data in Figure 7 demonstrate the necessity for ex-
treme care in making radio-noise measurements. Measured data can be
used to calculate impedance as a function of frequency, but such results
will be meaningless because the E and B fields, as shown by the time-

domain information, originated from separate sources.

The measured data were described in terms of peak values of E and
B fields and their associated peak values of line-noise voltage and cur-
rent. Additional noise descriptors can be derived from the measured data.
For example, average and rms values can be obtained. Amplitude probabili-

ties distributions (APD) of E and B fields or line voltage and current

17
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can be obtained at many discrete frequencies. Amplitude probabilities
distributions for the measured data would have produced interesting

plots with a discontinuity at the single-valued amplitude of the impulses.
Published data on APDs of power-line noise have shown smooth continuous
curves associated with random impulse amplitudes rather than with the

i 8,7
single-value cases observed.”?

The synchronous impulsive noise carried along and emitted from the
selected distribution line was similar to noise found on many other urban,
suburban, and rural distribution lines.®»*® The impulses usually origi=-
nate from electric-utility customer-load control devices such as SCRs,
thyristers, rectifiers, gas-tube switches, and similar devices. Recent
measurements have indicated that such devices may be the primary source

of distribution-power-line noise,

18
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I INTRODUCTION

The Westinghouse Research Laboratory, Pittsburgh, Pennsylvania, has
developed an instrument to sense ultrasonic noise that is generated in-
side a power factor correction capacitor. The instrument was developed
to sense minute arcing inside a capacitor that might be associated with
capacitor failures. Westinghouse personnel used the instrument to
identify two sets of capacitors in the Pittsburgh area that produced
ultrasonic noise. The capacitors were located on a 13.8-kV three-phase
distribution line in Export, Pennsylvania. The distribution line was

owned by Western Pennsylvania Power (WPP).

Under EPRI Project 2017-1, SRI International examined harmonics and
noise on the WPP distribution line that might have contributed to reduced
capacitor life. SRI also searched for radio noise that capacitor failure
mechanisms might produce. An instrumentation van, used on the EPRI Project
2017-1 to examine harmonics and noise on distribution and transmission
lines, was temporarily diverted to Export, Pennsylvania, to measure radio
noise from selected capacitors. The instrumentation van* was equipped
with sensors, receivers, and data analysis equipment to measure, analyze,
and define unusual types of signals and radio noise. Arrangements were
made by EPRI personnel for Westinghouse and SRI teams to operate their

respective equipment over the same period so that the ultrasonic and

radio data could be compared.

This technical memorandum describes the results of the SRI measure-

ments on the Export Distribution Line and at the capacitor locations.

“A detailed description of the instrumentation van is given in SRI
Technical Memorandum 3564-092981, dated September 1981.
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II TEST OBJECTIVES

The objectives of measurements on the 13.8-kV distribution line of

Western Pennsylvania Power located in Export, Pennsylvania, were:

(a) To survey the distribution line near the suspected capacitor

banks for unusual harmonics and impulsive noise conditions

(b) To examine harmonics and noise at potential sources of unusual

or high harmonics or noise

(¢) To search for unusual radio noise emanating from capacitor
leads and from the distribution line at and near the capacitor

location.
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IIT TEST RESULTS

A. Measurement Details

Standard electric and magnetic field sensors provided with the
instrumentation van were used to measure harmonics and noise on the 13.8-kV
distribution line providing electric power to the small town of Export.

A map showing a portion of the Export Distribution Line containing the
suspected capacitors is shown in Figure 1. Harmonic and noise conditions
on the line were surveyed by driving the van slowly along the distribution
line. From this survey, a few measurement points were chosen as shown on
Figure 1. The van was then parked at each selected measurement point to
observe harmonics and noise. At the capacitor locations, additional noise
measurements were made at higher frequencies at which gap noise and insu-
lator leakage noise are commonly found. These measurements included a
complete survey of signals and noise from 30 Hz to 1000 MHz in an attempt

to identify any unusual noise emanating from the capacitors.

Harmonic and noise data observed on the spectral and temporal dis-
plays in the instrumentation van were recorded with a Polaroid camera.
Typical examples of recorded data are included in this report to illustrate

conditions found on the distribution line.

Filters were incorporated into all sensors to deemphasize the amplitude
of 60-Hz signals and low-frequency harmonics. These filters were necessary
to obtain sufficient instrumentation system dynamic range to view 60-Hz
signals and all harmonics present in the measured circuits simultaneously.
The filter attenuation characteristics must be used during scaling of
photographic data presented in this report. A description of the probes
and sensors is given in the Appendix along with filter attenuation curves

and conversion constants necessary to scale the raw data.
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B. General Observations

During the general survey several specific harmonic and noise effects
were observed. A very strong 9th voltage and current harmonic was found
on the distribution line in the vicinity of the capacitor banks. The 9th
harmonic became noticable about 0.5 miles from each capacitor, gradually
increased in amplitude as the capacitor bank was approached, reached maxi-
mum amplitude about 0.25 miles from each capacitor bank, and remained
approximately constant in voltage and current amplitude between the capa-
citor banks. About midway between the capacitor banks a tee in the line
provided power to several houses and two small commercial facilities.

The 9th current harmonic remained constant along this tee for about 0.25
miles and then decreased to a low level. The 9th voltage harmonic re-
mained high along the tee until the line reached the Universal Welding
building. Strong current transients were observed on the tee. No voltage

transients were observed on the tee.

C. Results From Site 1

Results from the general survey suggested that a measurement location
near the junction of the tee providing power to Universal Welding and the
main line would be useful. Site 1 was located along the tee about 100 ft
from the junction with the main line. Electric- and magnetic-field
measurements of harmonics from O-to-1.0-kHz are shown in Figure 2. The
9th was the dominant E-field harmonic. Additional odd harmonics were
found in the data, but they were all lower in amplitude than the 9th.

The dominant B-field harmonic was also the 9th, which was only about 12

dB below the 60-Hz current. Additional harmonic structure was also found

in the B-field data that was not present in the E-field data. For example,
a component is shown in the B-field data at about 30 Hz. The frequency
range of the analyzer was decreased to examine the unexpected 30-Hz com-
ponent closely as shown in Figure 3. The B-field data show significant
components at 30, 54, 90, 120, 150, 155, 180, 210, 200, and 240 Hz. The
E-field data show only a strong 3rd harmonic and weak 2nd and &4th harmonics.
The strong current subharmonic at 30 Hz and its related higher frequency

components suggest that a significant load existed on the line with a
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